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ABSTRACT

The use of electron impact mass spectrometry for isotopic
analysis 1s an established technique; however, its application to pro-
blems involving biologically produced molecules enriched im 13C has
been severely limited. This limitation ies shown to arise because of
data reduction techniques which are, for practical purposes, incapable
of dealing with the complex situatlion of multiple enrichment sites,
limited isotope abundance, and complex epectral regions. Two approaches
for detailed isotopic analysis of EIMS intensity are presented and il-
lustrated using model data, literature data, and original datz from
biosynthetically enriched compounds. The first approach which allows
for sequential varilation of any one parameter is shown to be of value
in experimental design through construction of ion cluster contour dia-
grams which summarize the variation of isotopic distribution, molecular
gize, and uncertainty in measurement with total i1sotopic content. The
second approach differs in concept from previous methods and is especial-
ly promising for application to problems involving multiple sites of en-
riclment, limited isotopic abundance, and complex spectral regiomns. The
key concept of this approach is that the roots of the polynomials con-
structed from observed spectral intensities are analytically related to
the isotopic content and the isotopic distribution of the ions giving

rise to the intensities.

xviii



INTRODUCTION

Mass spectrometry has been applied almost from the very be-
ginning of its development to the detection of stable isotopes and the
measurement of their abundance. As early as 1907 a primitive instru-
ment was utilized in the search for isotopes of the very elements of
primary concern 1n this present investigation - carbomn, hydrogen, oxy-
gen and nitrogen - elements of significant biclogical importance (1).
Of historical interest and certain amusement is the conclusion of that
study: No isotopes exist for these elements!

Fortunately, since that time, the work of numerous investi-
gators has greatly increased the sophistication and sensitivity of mass
spectral instruments. Stable and even radioactive isotopes have been
detected for these and other elements, the exact masses obtained,l and
the relative natural abundances accurately and precisely measured for
samples from various sources.2 Such measurements are now done routinely
on advanced i1sotope ratio mass speﬁtrometers by first converting the
sample to an appropriate gas.

Methods for isolation of elemental isctopes have been and are

currently being developed. Mass spectral analysig of compounds of

1Exact mass tables of the elements are kept and amnually re-—
viewed and revised by the Intermational Union of Pure and Applied Chem~
istry (IUPAC). As an example, see ref. (2).

2For examples of matural abundance measurements wade from
specific sources, see refs. (3-5).



differing isotopic proportions has found application ipn many and diverse
fields including studies of mass spectral fragmentation pathways (7,8),
reaction mechanisms (8), structure (8), blosynthesis (8,9) and metabo-
lism (8,10-13), -archeological dating (14), and more recently, outer

space exploration (15). Artificial enrichment or labeling with deuter-
ium combined with mass spectral analysis has found most extensive appli-
cation and use of oxygern-18 and nitrogen-15 have followed in frequency

of use (8). Carbon-13 labeling has found valuable although limited ap-
plication in the past for a number of reasons: Carbon-13 enriched pre-
cursors of high isotopic purity have been of limited availability (16).
Carbon-13 occurs in relatively high natural abundance (17). High re-
Bolving power 1s needed to separate 13¢ igsotopic ions from 12¢cE ioms
which commonly interfere (1 in 40,000 at mass 200). Perhaps, most im~
portantly, many experiments would result in enrichment at numerous multi-
ple sites, a problem for which data reduction techniques have had minimal
development. (See Part 14).

Advances in other techniques for isotopic analysis and the
practical limitations of mass spectrometric isotopic analysis have cur-
rently shifted analytical emphasis for !3C enriched molecules away from
mass spectrometry. However, there remain many appealing properties
which have preserved interest in its application: Mass spectrometry 1s
a general approach to isotopes of all elements. It appears to be an

idealized example for automation of the traditional analysis techniques



involving degradation to component parts.3 It is capable, particularly
in combination with gas chromatography, of analysis of mixtures. Its

inherent degradation mechanism and its ability to accept mixtures limits
reagents, sample preparation time, and contamination. It is potentially
fast, sensitive, accurate and precise (20).

To date, however, due to practical limitations, these favor-
able properties have been of limited advantage for use of the mass spec~
trometer in isotopic analysis. The limitations may be grouped into
three general classes:

(1) those that are related to the mass spectral behavior of the

molecule;

(2) those that are instrumental in nature; and

(3) those that are related to data reduction technigques.
Therefore, applications of mass spectral analysis to problems involving
13¢ have been very selective so far. Most have, in general, (1) made
use of only & tiny fraction of the available information, (2) made as-
sumptions which degrade the quality of the data available, and/or (3)
limited the number of enriclment sites within the molecule to not more
than two. Applications to analysis of biologically produced, intact

samples have been particularly scarce. (See Part IC)

3kor a discussion of the limitations in the picture of mass
spectrometry as an automatic degradation technique for 1sotopic analysis,

see ref. (18).

4Some care must be taken, however, when use of gas chromato-
graphy 1s made during isotopic analysis, gince separation of isotopes
within the column is a real possibility (19).



Experience in this research bhas convinced us that the detailed
analysis of isotopic mass spectrometric data will require the following
elements:

(1) improved data reduction techm‘.ques;5
(2) computer aids;

(3) dinstrumental wmodifications;

(4) use of high resolution data.

It 4s the intention of this investigation to explore the feasi-
bility of am exhaustive isotopic description of a biologically-produced,
13C enriched molecule based on mass spectral data alone using the limited
instrumentation available in this particular laboratory. In so doing, a
new and unique data reduction technigque is developed which shows great
promise for analysis of compounds wirth multiple sites of 1isotopic en-

richment, limited isotopic abundance, and/or complex spectral regions.

5Theoretical investigation of data reduction techniques for
isotopic electron impact mass spectral data 1s an area of current inter-
est. For a discussion of the literature pertaining to this subject, see
Part IA herein.

6‘I‘he increasing availability of computers has greatly enlarged
thelr use in the field of EIMS isotopic snalysis. Computer techniques
have been applied in the areas of construction of model spectra (21,22),
real data acquisition and processing (23-25), reduction of acquired data
(26-30), and interpretation of data to yield chemical information (31-33).
For a review of the principles involved in the selection of a2 laboratory
computer see ''Computers for Spectroscopists” (34). For an exhaustive ap-
plication of computer techniques to EIMS including ilsotopic analyses, see
(35). .



PART I

BISTORICAL REVIEW AND EVALUATION

A. Data Reduction - Methods of Computation

To the uninitiated the limited application of mass spectro-
metry for the determination of 13C enrichment in complex molecules is
not easily understood. It appears obvious that this technique should
be adaptable to compounds enriched in isotopes of any element. In fact,
its use has been severely limited. Relative neglect of an element such
as germanium is understandable. Compounds containing this element are
relatively few. Carbon, however, is an abundant and important element.
Voluminous experiments incorporating carbon-14 enrichment stand in evi-
dence. Parts IB and IC of this work attempt to be an exhaustive review
of the literature pertaining to electron impact mass spectral 1sotopic
analysis of complex molecules containing carbon—137. It is obvicus from
the review that applications of this technique have been extremely limit-
ed in both scope and number. The limited development of data reduction
techniques for 13¢C mass spectral analysis may be one reason. Why is
13¢ data reduction uniquely difficult? The most obvious reason 1is the
possibility which exists for enrichment at multiple sites within a single

molecule. Discussions of selected references will here be presented to

1llustrate the evolution of current data reduction techniques.

The term "complex molecules'" 1s intended to exclude mass spec-
tral isotopic analysis techniques which require the sample to be in the
form of a simple gas. Development of instruments for measurement of iso-
tope ratios in simple gases was an early advance in EIMS (36-38).



The earliest work to detall a method for isotopic analysis of
13¢ enriched molecules was that of D. P. Stevenson in 1951 (39). He
pointed out that since pure specimens of 120 or 13¢ compounds are not
available, 13¢ enriched compounds willl, of a necessity, be mixtures of
several isotopic compounds, hereafter called “isotopic isomerxs', differ-
ing from each other in both the relative number of '2C and 13¢ atoms in
the molecule and in the positions of the isotopic atoms. Stevenson pro-
posed beginning the interpretation of the mass spectrum of an isotopical-
ly enriched specimen by determining the concentrations of the wvarious
isotopic species and thereby constructing individual mass spectra for
each pure isotopic isomer. That is, using an example from his work, a
spectrum taken for a sample of propane—1—13c produced from potassium
cyanide (ca. 50% 13C) with ethyl bromide would actually be viewed as a
composite of the spectra of proPane-13C0, propane-1-13¢, propane—2—13C,
propane~1,2-13cz, propane—l,3—1302, and propane—l3c3. Six formulas are
presented for calculating the concentrations of the possible 13¢ en-
riched propane isomers (reduced from 8 by symmetry) from the 13¢ con-
tent of the enriched starting material and the natural abundance of 13c,
Individual spectra for each isotopic isomer are then constructed from
the observed mass Bpectrum and the spectrum of naturally occurring pro-
pane. From the constructed mass spectra, the isotope effect of the 13¢
substitution on the mass spectral fragmentation processes is clearly
visible. A similar ﬁrocedure is followed for the enriched butanes.

This approach is clearly quite complex. It is not applicable

to spectra of bilologically produced 13¢-enriched molecules where dilution



effects render the 13C content of the "reagents" unknown. Even for
cases where the 13C content of the starting material is fixed the com-
plexity of the method increagses rapidly with the size of the molecule
(see Table I-1). For a molecule with only 10 possible sites of 13¢

enrichment cover 1000 isotopic isomers are possible. It is clear why

TABLE I-1

THE NUMBER OF POSSIBLE ISOMERS INCREASES EXPONENTIALLY
WITH THE NUMBER OF LABELED SITES

NO. OF SITES NO. OF ISOMERS
0 1
1 2
2 4
3 8
6 64
10 1024
15 32768

the great majority of the mass spectral analyses of !3C-enriched intact
molecules deal with 13C enrichment .at a single site. (See Part IB3)
Stevenson's data reduction procedure seems to have greatly influenced
the general view of isotopically enriched mass spectra and resulted in
widespread application of an approach referred to herein as the method
of isotopic isomers.

In 1962 Biemann included a detasiled description of an isotopic
mass spectral data reduction technique ir his book '"Mass Spectrometry -
Organic Chemical Applications” (40). His approach again considers the

spectrum to be a mixture of isotopic isomers, but it is based on knowledge



of the spectrum of the naturally occurring sample. He recommends a
stepwise procedure multipiying the measured ion intensities of the en-
riched spectrum by the normalized ion intensities of the natural abun-
dance spectrum (intensity of the parent 1300 ion = 1.0) and then sub-
tracting the results from the intensities in that enriched spectrum.

The portions due to the 13C0 isotope and its associated ions resulting
from the naturally present !3C are thus removed. This procedure is then
successively repeated with the ion intensity remainders until all ion
intensities approach zero. As Biemann points out such a technique could
also utilize & set of simultaneous equations.

Biemann mentions several limitations. First, considerable
error is introduced when a fragment ion of lower mass is present, can-
not be eliminated by varying Instrumental parameters, and overlaps the
ion cluster of interest. Second, the emphasis on the comparison-of the spec-
trum of the unenriched sample with that of the enriched sample neglects
isotope effects in fragmentation processes thus rendering the techmique
invalid where considerable isotope effects are to be expected. Third,
the approach is considerably more accurate whern the mixture of isotopic
isomers consists primarily of one species. A fourth serious limitation
not mentioned by Biemann merits discussion. The success of Bilemann's
approach depends heavily upon the idea that the spectra of the naturally
occurring and enriched samples will be comparable. It 1s commonly under-
gtood that experimental difficulties prevent such from being true for a
good many cases. The experimental parameters of the mass spectrometer

are difficult to keep constant (30) and therefore application of this



technique to fragment ion regions is limited. Also, for many applica-
tions, the natural abundance sample must be derived from a different
source and therefore will contain different contaminants and not be dir-
ectly comparable. The sample itself may be unstable agailn rendering the
two spectra not comparable. However, Biemann's technique is straight-~
forward and easily understood and has proved to be of great value for
problems where a limited number of isotopically substituted sites are
expected, a high degree of accuracy is not demanded, and/or the mole-
cular ion region is the region of interest. It is the technique most ~
commonly used in courses on mass spectral analysis.

An interesting doctoral thesis was presented in 1867 by A. C.
Buchholz, a student of X. L. Rinehart, on mass spectral studies of com-
pounds labeled with carbon-13 (41). His calculation techniques incor-
porated both those of Stevenson and Biemann again using the approach of
isotopic i1somers. Buchholz first removed the portions cof his spectra
due to naturally-occurring 13¢ in a manner similar to Biemann, but used

simply the accepted average value for 13¢ natural abundance (0.01108)

rather than that determined from an experimental spectrum of an unlabel
ed sample. For spectra where the molecular ion region was complicated
by numerous overlapping fragment ion clusters due to loss of hydrogen
(in his case those of toluene and aniline) he used the spectrum of the
unlabeled sample (corrected for mnaturally occurring 13c), the known en-
richment of the starting material, and the reaction mechanism to separ-

ate the various species in a manner similar to Stevenson. His results
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were of an accuracy sufficient to demonstrate the presence of the tropyl-
ium ion in the toluene spectrum.

In 1970, John Brauman presented an ingenious least squares
data reduction technique which he applied primarily to the case of mole-
cules containing hetercatoms with many and abundant naturally occurring
isotopes (42). Again the spectrum is separated into the spectra of the
individual isotopic isomers. The method requires prior knowledge of the
spectra of the individual isomers and is, therefore, not applicable to
most situations of interest in this paper; however, 1t does find limited
application for analysis of mixtures of isotopilc iscmers when the indi-
vidual isomers can also be produced by different mechanisms. The example
given by Brauman is the mixture produced by the reaction

RCHD-CH,080,CgBs + RCH=CH, + RCD=CH;
1 (2)
The Brauman technique would produce results with less error than the
standard techniques because it makes use of all the data and produces
a least squares solutiom.

In 1972, Daves, Buddenbaum and Earl recognized the need for
mass spectral isotoplc data reduction techniques based on a statistical
picture of isotopically eanriched samples rather than the traditional
- picture of such samples as mixtures of isotopic isomers. They described
a computerized statistical approach to data reduction allowing for var-
iation of one parameter of isotopic enrichment, i.e. degree of enrich-
ment or pumber of sites of enrichment (43).

Later in 1972, Bugentobler and Lolinger presented & general



11

approach for calculating the i1sotopic composition of a labeled compound
(44). They clearly demonstrated the polynomial nature of the equatioms
relating the isotopic isomers and based their procedure on a statistical
approach rather than on the method of isotopic isomers. As they pointed
out, although this approach had been commonly known to practicing mass
spectroscopists, formulation of this generally valid treatment was needed
in a form readily understood by chemists.

Rapidly following the Hugentobler and Ldlinger paper is ome
presented by Genty in which the statistical approach is also emphasized
(45). Genty criticizes the commonly used approach of isotopic isomers
as being increasingly impractical as the number of isomers grows rapidly
with increasing number of enrichment sites and suggests that an isotopic
ratio calculation method based on the Btatistical hypothesis can overcome
these difficulties. The statistical hypothesis rests on the assumption
that systems exhibiting chemical inertia are equilibrated at the outset
and therefore theoretical equilibrium comstants closely approximate the
actual constants. The technique then requires only a limited number of
measurements - only p ion intensity ratios - to obtain values for the
relative concentrations of p isotopic isomers.

Although Genty did not extend his method to application in the
case of overlapping ion clusters, it is clearly adaptable to such a case
8o long as the number of measurable known gquantities 1s kept equal to the
number of unknown values to be determined, e.g., im the case of overlap-
ping ion clusters, the number of measurable ratios must be equal to the

number of relative concentrations of isotopic isomers plus the number of
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ion clusters. (See Part IIB3).

Genty then applied his approach to the complex theoretical
case of a mixture of hydrogen-, deuterium-, and tricium-bearing propanes
involving 45 different isotopic isomers!

Genty's original equations were amended in a communication by
Richard W. Rozett (46). TRozett identifies an extra term in Genty's ori-
ginal derivation which did pot cause error in this application simce the
use of ratios eliminated the term.

Alsoc 1in 1973, Daves, et al. reported application of the pre-
viously described one parameter statistical approach to isotopic analysils
of a biosynthetically 13C enriched sample, sepedonin (47). In addition,
they described a new approach to mass spectral isotopic data reduction
which fully utilized the polynomial character of the equations relating
the observed spectral intensities to the isotopic content of the sample
(47,48).

In December, 1974, Rozett presented what is to date the most
elegant and concise discussion of data reduction technigues for isotopic
mass spectral information (49). He first briefly enumerated the many
and varied complications which have made the use of quantitative EIMS
1sotopic analysis so difficult and then gave clear and concise descrip-
tions of three complementary methods for determining accurate isotopic
abundance information: the "peak comparison method", similar to Genty's
but expanded to a more general relationship based on the multinomial dis-
tribution law which included consideration of isotopilc contributions

other than the one of primary interest, "the graphical method" similar
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to a method originally presented by R. L. Middaugh which has found gen-
eral application in inorganic chemistry (50), and his own nonlinear least
squares method which i1s more accurate, more generally applicable, but
considerably more complex than the previous two. Computer programs for
these three methods have been filed with the American Society for Mass
Spectrometry.

Unfortunately, for the purposes of the present study, all three
methods are based on the multinomial distribution law and are not direct-
ly applicable to the case of site-labeled compounds.

In 1976, Pickup and McPhersop published a discussion of the
theoretical equations by which calibration graphs may be determined for
quantitative mass spectrometric analyses in which stable isorope enriched
compounds are used as internal standards (51). They point out the neg-
lect of such theoretical bases in previous works and present an excellent
discussion of the complexity of analysis in cases where opportunity for
multiple sites of isotopic enrichment exists. With this complexity in
mind, thelr approach 1s based on statistical considerations.

A recent treatment of the statistical approach to mass spectral
isotopic analysis was published by Yamamoto and McCloskey in 1977 (52).
The derivation of the equations presented therein is tailored to treat-
ment of samples very extensively enriched with heavy isotopes and a
graphical attempt 1s made to illustrate the complexity of the relation-
ships between the various factors controlling the abundance of isotopical-
ly enriched ions.

It 1is clear from these later publications that the picture of
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an isotopic mass spectrum as a composite of spectra of various isotopic
isomers 1s currently being replaced by a statistical picture which will

allow consideration of more complex isotopic situations.

B. Applications of Carbon-13 Labeling
1. Introduction

Carbon-13 labeling has been and is a technique having such ‘
widespread application that, in spite of existing analytical limitations,
it has found extensive use. However, to date such use has been neces-
sarlily restricted most often to cases of limited complexity.

Experimental applications of 13¢ labeling may be generally
classed at three levels of increasing complexity: (1) those involving
simple detectlon of the presence of the artificial 13C enrichment, (2)
those requiring location of the label at & particular atomic gite within
the molecule, and (3) those which involve quantitative determination of
the level of artificizl enrichment either (a) for the total molecule or
(b), in cases of multiple sites of enrichment, at each individual site.
Information at all three levels is avallable through mass spectrometric
analysis; however, because of existing data reduction problems, most ap-
plications of mass spectrometry for 13¢ analysis have been restricted to
levels (1) and (2). Quantitative determinations (level 3) have been gen-
erally restricted to case (a), total 13C abundance measurement. This may
be done accurately anq easily through use of an isotope ratio mass spec-
trometer following conversion of the sample to COs or with somewhat less
accuracy by analysis of the parent ion region in a mass spectrum of the

intact molecule. Examples of applications requiring quantitative
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measurement of 13C abundance at individual sites are rarer but do exist
sometimes employing innovative data reduction approaches. Although
labeling with the stable isotope 13¢ should have obvious advantage over
labeling with the radioactive isotope !“C for biological applications,
such uses have been extremely limited. Interest 1s currently high in
¢clinical applications of this technique.

Description of mass spectral analyses of intact, 13c enriched
molecules follows.

2. Qualitative Determinations

As previously mentjoned, data reduction Insufficiencies have
hindered quantitative application of mass spectral analysis for 13¢ en-
riched samples. Experimental applications do occur, however, in which
accurate quantitative determination of the isotope content is not neces-
sary and a simplie qualitative indication of the presence or absence of
13¢ in the molecule or in particular fragments will suffice. In addi-
tion, mass spectrometric results have occasionally been used in conjunc-
tion with quantitative NMR analysis.

Melton and Ropp used D, 13¢ and 15N labeling in an investiga-
tion of one of the first negative ion-molecule reactions to be observed
in the mass spectrometer (53). While using 2.3 ev. electrons to prdduce
HCOO™ ions from formic acid and then passing these ions through a field-
free space filled with the neutral molecule, N», negative ions of m/z 26
were observed. Substitution of DCOOH for the formic acid did not effect
the ion's mass; however, substitution of either H13CO0E for the formic

acid or nitrogen—lsN for the nitrogen increased the m/z of the ion to 27.
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Use of both lsbeled reagents shifted the iom m/z to 28. Replacement of
the formic acid by either CO; or CO caused the ion at m/z 26 to disappear.
Beynon, Saunders, Topham and Williams used high resclution data
in a study of the dissociation of o-nitrotoluene under electron impact
(54). By labeling the methyl group with 13C, they hoped to distinguish

between the following fragmentation mechanisms:

. —_+- . — —+
0
(a) me N7 | HaC——
{7 ey | M
- | : L -
msz (37 m/2 120

necessitating prior rearrangement of the mitrous group to the nitrite

form and

(b) Hac ﬁ H,C

m/z 137 m/z2 120

which requires no such rearrangement. The ion of m/z 120 further

dissociates, losing CO, to form the iom 06H6N+ of m/z 92. Discount-

ing carbon skeleton rearrangements, when the methyl carbon is labeled
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with 13¢, loss of CO frow the product of mechanism (a) would involve
loss of a ring carbon and produce the ilon 120513CH5N+ of m/z 92 while
loss of CO from the product of mechanism (b) would involve loss of that
label and produce the ion 1206H5N+. High resolution spectra obtained
for the region of m/z 92, 93 clearly demonstrated almost total loss of
13¢ 1abel indicating mechanism (b) to be operative. Results were so
dramatically apparent that precise quantirative calculations were not
necessary.

Bose, et al. investigated the bilosynthetic incorporation of
15N-phenylalanine, 15N—g1ycine, 2—13C—g1ycine, 1—13C—glycine and 13cC-

formate in gliotoxin (I~1) produced by Trichoderma viride (55).

HO N

H,C
2"on

I-1, Gliotoxin

Suitably stable derivatives were prepared and their mass spectra examined
under high resolution in the areas of interest. Results were essentially
qualitative demonstrating all five precursors to be incorporated. The
nitrogen of glycine seemed to be somewhat randomly distributed between
both nitrogen positions of gliotoxin; however, the glycine carbons were

not directly incorporated in the indole moiety. This is comslstent with
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a biosynthetic pathway im which the glycine releases its aminec group into
a pool from which phenylalanine is formed.

Ancther biosynthetic study utilizing high resolution mass spec-
tra was that of Burlingame, et al. 13C-labeled lipids 1solated from the

yeast Saccharomyces cerevisiae were investigated using both 13c ™R and

mass spectrometry (56). Although high enrichment levels were achieved
(v32% 13C) mass spectral results obtained were purely qualitative being
consistent with incorporation of the 13¢ from sodium [2-13C] acetate into
8 alternate sites of the carbon chain in methyl palmitoleate. This 1s in
agreement with the 13¢c NMR results and with accepted bilosynthetic rules.
In a study of the biosynthesis of asperlin (I-2) isolated from

cultures of Aspergillus nidulans grown with 2-13C—acetate (61%), Tanabe,

et al. supplemented their primary 13eMr analysis with a qualitative mass

spectral isotope analysis of 13C presence in various fragmeat ions (57).
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Lower 13C epriclment in the ifons of m/z 155 and 126 indicated that part

of the label was located in the fragment including Cg—Cg. The ion of
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m/z 43 has a 13C content higher than natural abundance indicating label
presence in carbons 9 and/or 10. Label was also observed im carbons 1-4
since fons of m/z 113 and 84 (due to loss of ketene, CH5CO) still demon-
strated !3C enrictment. !3QMR results indicated the presence of 13C en-
richment at the alternate carbon sites = 1,3,5,7 and 9. Mass spectro-
metric analysis alsc indicated a2 total 13¢ abundance corresponding to an
average of 8.4%7 at each of the five labeled sites, a result in agreement
with those obtained from !3CMR and proton-13C gatellite NMR determinations.

Other exsmples of ilnvestigations in which the simple presence
or absence of 13C in a parent or fragment ion yilelded meaningful results
will be diascussed in later sections (58-64).

3. Quantitative Determinations

a. Singly-labeled compounds

Reduction of isotopic data obtained from samples with 13¢ en-
richment at only one atomic site 1s relatively simple since the measure-
ment of only one ion abundance ratio (M+1/M) is involved. That is to
say only two 1sotoplc isomers will occur. The vast majority of 13¢
labeling studies observe such singly labeled Bpecies.

The ploneering study by D. P. Stevenson of 13¢ enriched pro-
panes and butanes has already been mentioned but is of particular inter-
est (39). Rather than discounting isotopic isomers due to naturally oc-—
curring 13C, Stevenson intricately calculated the abundance of &ll pos-—
sible isomers for each sample.

Stevenson utilized this "isotopic isomer" analysis approach

in at least four studies of interest here (65-68), First, a statistically
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complete isomerization of propane—l—13c to propane—2—13C was observed
over aluminum bromide catalyst at room temperature (65). No molecules
doubly labeled with 13C were produced thus indicating the isomerization
to be intramolecular. In addition, an isotope effect of approximately
5% was noted in the mass spectrometric dissociation of the 13C labeled
propane.

The observation of this 5% isotope effect for mass spectrometric

fragmentation led to 2 second s8tudy in which an isotope effect in the
thermal cracking of propane—1—13C was expected (66). Mass spectrometric

examination of the pyrolysis products demonstrated 8% more frequent rup-
ture of the 12C-12¢ bonds over the !2¢-13C bonds.

The third study demonstrated the gtatistical isowerization of
n-butane-1-13C over aluminum bromide catalyst at room temperature (67).
Mass spectrometric analysis revealed a statistical distribution of 2:3:1
for the n—butane-2-13c, isobutane—l—13C, and isobutane-2-13¢ respectively

formed from the n-butane-1-13C.

No 1302 isomers were formed indicating,
as in the case of the propanes, an essentially intramolecular mechanism
for isomerization.

The last example involves the mechanism of propylene oxidation
to acrolein over cuprous oxide catalyst (68). Propylene-3-13C was syn-
thesized, oxidized with oxygen, and the resulting aerolein analyzed by
mass spectrometry. The ratio of the molecular ion (m/z 56) to the frag-
ment CHO (m/z 29) for the l3C0 isomer was compared to the same ratio for

the 13C1 isomer. A 50% reduction was thus identified in the 13CHO in-

tensity thus demonstrating & reaction mechanism for oxidation to be
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operative in which isomerization of the double bond occurs before oxygen
addition.

Another pioneer in the application of 13¢ labeling was R. R.
Honig. Honig studied the mass spectral fragmentation of isobutame using
13¢ gingly labeled species an